Objectives: Individuals with insomnia consistently report difficulties pertaining to their cognitive functioning (e.g., memory, concentration). However, objective measurements of their performance on neuropsychological tests have produced inconsistent findings. This metaanalysis was conducted to provide a quantitative summary of evidence regarding the magnitude of differences between individuals with primary insomnia and normal sleepers on a broad range of neuropsychological measures. Conclusion: Individuals with insomnia exhibit performance impairments for several cognitive functions, including working memory, episodic memory and some aspects of executive functioning. While the data suggests that these impairments are of small to moderate magnitude, further research using more ecologically valid measures and normative data are warranted to establish their clinical significance.
Introduction
Insomnia is a widespread health problem, with recent reports estimating that 25e30% of adults in the general population experience occasional sleep problems, while 10% suffer from sleep disturbance severe enough to meet diagnostic criteria for insomnia. 1e3 As a chronic condition, insomnia entails significant personal and social costs: individuals with insomnia
consistently report decreased quality of life 4 and are at greater risk for depression. 5 Insomnia is also associated with higher rates of absenteeism and loss of productivity, 6, 7 and recent health economic analyses suggest that more than 90% of insomnia-related costs result from these occupational consequences. 8 The burden of insomnia thus lies predominantly in the impact it produces on daytime functioning rather than in nighttime sleep disturbances per se.
The most commonly reported daytime symptoms in individuals with insomnia are fatigue and mood disturbances, experienced as difficulty handling minor irritations, reduced interest and decreased satisfaction in leisure activities and relationships. Complaints related to altered cognitive functioning are also frequent and involve memory and concentration problems, difficulty making decisions and frequent work-related mistakes. However, these complaints have not been unequivocally corroborated by objective performance-based measures. Over 30 studies have been published on the matter but only a small proportion has found differences between individuals with and without insomnia. For example, a recent review suggests that performance of individuals with insomnia and normal sleepers is comparable for different tasks assessing psychomotor function (e.g., finger tapping, Purdue Pegboard), some aspects of attentional function (e.g., Digit Symbol Substitution Test, vigilance tasks, Trail Making Test) and episodic memory (e.g., Hopkins Verbal Learning Test, Verbal Paired Associates,
Auditory Verbal Learning Test)
. 12 On the other hand, tests measuring working memory (e.g., Digit Span, Letter-Number Sequencing) and executive function (e.g., Wisconsin Card Sorting
Test, verbal fluency, maze tasks) have yielded contradictory findings. The lack of consistent evidence has led some to question the existence of daytime cognitive impairments in insomnia 13 and to attribute daytime complaints to other mechanisms such as excessive attention toward expected consequences of poor sleep.
14 While these equivocal findings could suggest that cognitive functioning is well preserved in individuals with insomnia, they could also result from a number of methodological issues related to lack of statistical power, heterogeneity of subjects, and use of insensitive measures to detect mild defitics. Indeed, many of the studies in this domain were conducted with fairly small samples (<20 participants per group), which may have limited statistical power to detect subtle differences between normal sleepers and individuals with insomnia. In addition, participants in some of these studies were not always adequately characterized with regard to insomnia diagnosis and severity of sleep disturbances (e.g., unclear selection criteria, lack of valid diagnostic measures), thus potentially introducing heterogeneity in the samples and further decreasing statistical power. Also, the use of measures not specifically designed for this population may preclude adequate sensitivity to detect cognitive deficits. Given these limitations, it appears premature to conclude that the lack of consistent significant group differences in available studies (i.e., negative findings) is evidence of preserved cognitive functioning in individuals with insomnia. This meta-analysis was intended to circumvent the problem of low statistical power by pooling individual studies and conducting a quantitative review of the evidence. The aim was to estimate the magnitude of differences in cognitive performance between individuals with insomnia and normal sleepers.
Methods

Identification of eligible studies
The MedLine, PsycInfo and Dissertation Abstract International databases were searched using "insomnia" or "sleep initiation and maintenance disorders" as keywords or major descriptors. The results were then crossed with the following keywords: "cognitive", "assessment", "psychological tests", "psychomotor performance", "performance", "neuropsychology", "memory", "attention", "cognitive disorders", "neurobehavioral manifestations" or "mental processes". The search was conducted in January 2009. There were no further restrictions regarding date of publication. Reference lists of relevant articles were also carefully reviewed. Published conference proceedings were included if they met all inclusion criteria and did not duplicate another included study.
Selection of studies
References were retrieved and screened for relevance using a standard method. To be included in the meta-analysis, studies had to 1) be conducted in a sample of adults (18 years and older) with primary insomnia, 2) involve a cross-sectional comparison to a control group without sleep problems, 3) assess daytime performance using face-to-face or computerized cognitive/neuropsychological tests, 4) include sufficient information to derive effect sizes, and 5)
be published in either English or French.
Data extraction
Information extracted during coding included descriptive demographic attributes of samples, diagnostic procedures, methodological characteristics, neuropsychological tests and dependent variables that were used as well as information required to compute effect sizes.
Demographic characteristics extracted were the following: number of participants in the insomnia and the control groups, number of women in each group, mean age and number of years of education in each group and mean duration of insomnia for the insomnia group.
Information regarding diagnostic procedure included: criteria used to identify participants with insomnia and controls, exclusion criteria, as well as the assessment methods used to make the diagnosis and exclude other conditions. Methodological characteristics included : variables used to match participants (i.e., age, education, gender, etc.), if any, time of neuropsychological testing and control for alcohol and caffeine intake. Studies were also searched for measures assessing the subjective perception held by participants regarding their cognitive functioning. A general description of cognitive processes, tasks and specific variables included in each category is provided in Table 1 .
Quantitative data synthesis
The standardized mean difference (Cohen's d) was derived for each of the 209 comparisons by subtracting the mean for control groups from the mean for insomnia groups and dividing the result by the pooled standard deviation. 15 The direction of effect size values was adjusted so that a negative value would always indicate a poorer performance in insomnia groups compared to controls. A correction for small sample bias was subsequently applied. 16 When the mean and standard deviations were not available, effect sizes were estimated from either t or F statistics or exact p values. Effect sizes were not estimated from graphs or from categorical p values.
Whenever two or more comparisons were reported for the same cognitive function in a study, effect sizes were pooled for that specific cognitive function. This yielded a maximum of one effect size per cognitive function per study, thus avoiding dependency among effects sizes.
In the cases where participants were tested on more than one occasion during the study, results from the different assessments were all included in the averaged effect size. The final number of effect sizes was 86.
Effect sizes were then weighted by variability and combined for each cognitive function using a fixed model. The Q homogeneity statistic was derived for each cognitive function. A significant Q statistic suggests that there is heterogeneity among the effect sizes used to compute the average effect size, indicating that factors related to differences between studies (i.e., methodological considerations) instead of sampling error alone may account for the variability encountered. In addition, to assess the possibility of a publication bias affecting the results, a funnel plot was constructed by plotting study-level effect sizes by sample sizes. The publication bias refers to the file drawer effect, according to which non-significant findings (with smaller effect sizes) are less likely to be published than significant findings (with larger effect sizes), thus resulting in an overrepresentation of significant findings in the literature. If such a bias is present in a given study, the resulting funnel plot will likely be asymmetrical, suggesting that only studies with effect sizes in the desired direction are available and that smaller or null effect sizes may be missing. On the other hand, a symmetrical funnel plot indicates that effect sizes are normally distributed around the averaged effect size, and suggests that a strong publication bias is less likely to have affected findings.
Results
Flow of included studies
The flow chart of study selection is presented in Fig. 1 . Of the 866 studies initially retrieved using the search criteria, 24 were included in the meta-analysis. A total of 627 papers were excluded from the title or abstract (i.e., were not empirical papers, did not include a sample of individuals with primary insomnia, did not report a cross-sectional comparison to individuals without sleep problems, etc.). Among the remaining studies, the main reasons for exclusion were: being written in a language other than English or French (n ¼ 168), not including a crosssectional comparison with a group of individuals without sleep problems (n ¼ 18), not using face-to-face or computerized cognitive or neuropsychological measures (n ¼ 17), duplicating data from another study (n ¼ 4) and not including sufficient information to compute effect sizes (n ¼ 5). Five studies 17e21 assessed attentional bias in insomnia by comparing reaction time to sleep-related and neutral stimuli. In these tasks, the dependent variable is a measure of the tendency of individuals with insomnia to attend selectively to sleep-related stimuli, which is considered a cognitive mechanism contributing to insomnia rather than performance impairment per se. In this context, only measures of reaction time to neutral stimuli, for which the attentional bias was not considered to be involved, were included in the meta-analysis. Another study investigated prefrontal activation in individuals with insomnia using functional magnetic resonance imaging (fMRI) during a verbal fluency task. 22 In order to limit movement artifacts during the imaging procedure, a covert adaptation of the verbal fluency task was used during which participants generated words silently and pressed a button whenever they were thinking of a word. While this is a common and useful adaptation for examining patterns of cerebral activation with fMRI during verbal fluency, it compromises the interpretability of the behavioral performance measure, as it becomes impossible to distinguish valid responses from set loss or perseveration errors. 17 For this reason, the behavioral data from this study were not included in the meta-analysis. sleep latency, wake after sleep onset, or total sleep time). There was great diversity in the methods used to verify these criteria, which ranged from self-reported checklists to clinical interviews, sleep diaries and polysomnography. Twenty-one studies mentioned at least one exclusion criterion for psychiatric comorbidity, 18 mentioned exclusion criteria on for medical comorbidity, 18 had criteria to exclude hypnotic use at the time of testing and 14 had explicit criteria pertaining to exclusion of other sleep disorders. Again, the stringency of these criteria and the procedures used to verify them varied greatly from one study to the other. A total of 10 studies conducted the cognitive assessment on more than one occasion during the day, whereas one conducted it in the early morning, three in the morning, three in the afternoon, three in the evening and one either in the morning or afternoon.
Study characteristics
Quantitative data synthesis
Average effect sizes by cognitive function and their respective 95% confidence intervals 
Subjective assessment of cognitive functioning
Eight of the 24 studies included measures assessing the participants' subjective perception of their cognitive functioning. 23e30 Effect sizes for these measures are presented in Table 3 . A correction for small sample size was applied. 16 These measures varied greatly in nature and included global retrospective subscales of existing questionnaires (e.g., confusion
scale from the Profile of Mood States (POMS), mental fatigue scale from the Multidimensional Fatigue Inventory (MFI)), single retrospective items assessing either severity or frequency of cognitive impairment in a given domain (e.g., visual analogue scales for concentration or memory), prospective measures of a given cognitive function on a two-week diary, or different items assessing perceived performance on the specific neuropsychological tests used in the experiment (e.g., visual analogue scales of perceived performance compared to one's own capacity or to others). Effect sizes for subjective perception of cognitive deficits on these different measures vary considerably, from moderate to very large in magnitude.
Heterogeneity and publication bias
As shown in Fig. 2 Visual examination of the funnel plot suggests reasonable symmetry around the averaged effect size, indicating a lower probability of publication bias (i.e., file drawer problem).
Discussion
The aim of this meta-analysis was to summarize evidence regarding the magnitude of differences in cognitive performance between individuals with primary insomnia and individuals without sleep disturbances. Results suggest that insomnia is associated with mild to moderate impairments on specific cognitive functions. Individuals with insomnia performed more poorly on tasks assessing working memory (retention and manipulation), episodic memory and problem solving. They also tended to exhibit a mild to moderate impairment for several attentional processes, namely choice reaction time, information processing and selective attention.
However, their performance was comparable to that of normal sleepers for other aspects of attention (alertness, divided attention, sustained attention and vigilance), perceptual and psychomotor processes, verbal functions, procedural memory and some aspects of executive functioning (verbal fluency, flexibility) as well as on general cognitive functioning.
The nature of cognitive impairment in insomnia
Previous studies have generally concluded that individuals with insomnia exhibit either selective and subtle cognitive deficits or no deficit at all (for reviews see 12, 13, 31 ). However, most studies included small and heterogeneous samples, which may have limited statistical power to detect small differences between individuals with insomnia and healthy sleepers. By pooling results of multiple studies together, this limitation was at least partly circumvented. Nonetheless, there was considerable variability in the number of studies examining each cognitive function and low power remains a plausible explanation for the lack of group differences on functions for which few studies were available (e.g., verbal fluency, procedural memory). Further investigation of these cognitive functions remains necessary before more definite conclusions can be drawn.
Findings of impairments in working memory, episodic memory and problem solving are consistent with those of recent studies indicating that insomnia seems to affect performance on complex rather than simple tasks (e.g., 32, 33 ). Performance on these more complex tasks is dependent on the integrity of the prefrontal cortex. 34, 35 Similar cognitive processes were also impaired following experimental induction of partial chronic sleep deprivation 36 or shallow sleep, 37 which are both present in at least some individuals with insomnia and may be related to decreased cognitive performance. A recent study found that individuals with insomnia and short sleep duration were impaired on tasks tapping the executive control of attention, while those with longer sleep duration were not. 38 However, other studies have also shown performance deficits in individuals with insomnia not confirmed by polysomnography (e.g.,
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), sometimes even more severe than in individuals whose insomnia was confirmed by polysomnography. 39 This suggests that although poor sleep may contribute to cognitive deficits in individuals with insomnia, other mechanisms may play a role as well. Fatigue, anxiety and negative mood, which are well documented in insomnia, have all been associated with deficits affecting functions associated with the prefrontal cortex.
40e44
The magnitude of cognitive impairment in insomnia
As a group, individuals with insomnia exhibit subclinical elevations of depression and anxiety symptoms. The mild to moderate differences inperformance found in this meta-analysis could similarly reflect subclinical cognitive impairments. Individual variability in cognitive impairments could also account for these findings. Incidentally, the distribution of daytime symptoms in epidemiological studies of insomnia suggests that not all individuals experience the same consequences. Trait-like individual differences in the cognitive vulnerability to sleep deprivation have been identified, 45 and similar differences may also exist for other consequences of sleep loss such as fatigue. 46 In this context, it seems reasonable to predict that the contribution of sleep loss, fatigue and other psychological variables to cognitive impairment, as well as the level of cognitive impairment per se, may differ among individuals with insomnia. To complicate matters, studies of chronic sleep restriction indicate a doseresponse effect inwhich impairment increases after each additional day of sleep restriction, 36 but also suggest that individuals are able to recover from sleep restriction after a night of normal sleep. 47 Because of the extensive night-to-night variability in the sleep of individuals with insomnia, 48 their cognitive performance may also be modulated by the quality of sleep on the night just before testing or, more generally, by the number of prior consecutive nights of poor sleep. In short, cognitive functioning in individuals with insomnia may be expected to vary across individuals depending on individual vulnerability to sleep loss, fatigue, mood, and may also vary across days for a given individual depending on the quality and duration of their recent sleep.
The clinical significance of cognitive impairments in insomnia
The presence of deficits involving working memory, episodic memory and problem solving in individuals with insomnia is consistent with their subjective report of difficulty concentrating, memory problems and difficulty making decisions. 9, 10 Although no formal meta-analysis was conducted on subjective measures of cognitive functioning, the few effect sizes that were derived suggest the presence of moderate to very large subjective deficits. A plausible explanation for the discrepancies between objective and subjective measures of cognitive functioning is that individuals with insomnia exaggerate or overestimate their daytime deficits.
28
However, such discrepancies are not specific to individuals with insomnia as they have been found in various clinical populations including individuals with mild cognitive impairment, 49 schizophrenia 50 and multiple sclerosis, 51 as well as in healthy individuals. 52 While they can be influenced by many factors (e.g., fatigue, mood), subjective impairments have been shown, at least in some studies, to predict structural brain damage or cognitive decline better than objective performance. 53, 54 Whether actual day-to-day functioning is better predicted from objective or self-reported cognitive problems remains a matter of debate. 55, 56 Objective cognitive deficits identified in the current study are consistent with daytime activities typically reported as impaired by individuals with insomnia. Because working memory, episodic memory and problem solving are very much involved in carrying on complex tasks, 56 even mild impairment of these functions may contribute to the increased frequency of non motor vehicle accidents (e.g., falls, work-related, etc.) or decreased work productivity associated with insomnia (e.g., 6, 9, 57 ). For comparative purposes, the magnitude of cognitive deficits found in this study appears similar to that which is found in psychiatric conditions known to be associated to mild cognitive problems, such as post-traumatic stress disorder and obsessive-compulsive disorder. 58 It is also comparable to the impact of chemotherapy on cognitive function in breast cancer patients, 59 but smaller than that found in obstructive sleep apnea.
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Limitations
Several methodological issues must be considered when interpreting the findings of this this meta-analysis. In addition to the issue of power already mentioned, the heterogeneity of participants with insomnia may have introduced some confound in the results. While many studies matched participants for age and a few others also considered education or intellectual potential, a significant number did not match participants at all. These variables are known to influence performance on a broad range of cognitive tests. In addition, there was much variability in selection criteria and in the assessment methods used to verify these criteria, raising some questions about comparability of results across studies and their generalizability to individuals with primary insomnia. Another important issue is that most performance tests used were developed and validated to assess major deficits in people with brain injury or neurological disorders. Such tasks may not have sufficient sensitivity to detect subtle differences in cognitive functioning of individuals with insomnia. An additional concern was the lack of details about some cognitive tests and the dependent variables derived from these tasks, which posed particular challenges for identifying the main cognitive functions assessed. Reporting of results was also insufficient in many studies: five studies were excluded because they did not report sufficient information to allow extraction of effect sizes and, in studies that were included, some reported only partial data to compute effect sizes, which resulted in partial inclusion of their results.
The procedure used to categorize cognitive tests in this study also entails a few limitations. Because most cognitive tests assess different cognitive processes, attributing a single cognitive process to any given task remains a risky endeavor. It is possible that a different classification would have yielded different results. The strategy adopted was to create categories that were as pure as possible. This approach had the advantage of limiting unwanted variability specifically due to differences in the nature of the tasks, but it also yielded several cognitive functions that were assessed in only a small number of studies. The use of broader categories might have allowed for an increased sample of effect sizes, which may have permitted an analysis of moderators of cognitive performance. However, most of the variability among these effect sizes would likely result from differences in cognitive processes assessed, as suggested by the small number of "purer" cognitive functions presenting significant variability.
In the end, we believe the strategy to examine more discrete cognitive functions remains preferable to derive the most informative interpretation.
As in any meta-analysis, a publication bias may have affected the representativity of included studies through an overrepresentation of significant findings. To attenuate this potential bias from published studies, abstracts from conference proceedings and academic work databases were searched to include all relevant studies whenever they met inclusion criteria. A visual analysis of the distribution of effect sizes also argued against the hypothesis of a strong publication bias in this study.
Future studies and clinical implications
Results of this meta-analysis suggest that non-significant differences in studies comparing individuals with insomnia and normal sleepers could mask mild but reliable deficits in cognitive performance. Improving statistical power in future studies of cognitive function in insomnia will increase the probability of detecting subtle differences in performance. As previously suggested, 12 this could be achieved through larger and better characterized samples, as well as better methodological control of factors that may introduce variability among participants (e.g., matching of participants, use of reliable and sensitive tests, control of compensatory mechanisms, etc.). Although significant impairments were identified in several domains, some cognitive processes were poorly represented in this quantitative review of the literature. Additional studies assessing these underrepresented functions are needed before definitive conclusions are reached regarding the specific nature and extent of cognitive deficits associated with insomnia. To allow for an accurate interpretation of findings, these studies should report effect sizes and include a complete description of the instruments and the dependent variables derived from each test. Greater standardization in cognitive measures used would also facilitate comparisons across studies and improve interpretability of findings.
Future studies should also investigate the clinical significance of cognitive impairments using normative data or examining their relationship to actual everyday functioning. Strategies such as ecological momentary assessment, 61 qualitative analysis or daytime monitoring using diaries 62 may improve understanding of how performance on cognitive tests in the laboratory relates to day-to-day functioning.
Additional studies are also needed to examine the correlates of daytime impairments in order to shed some light on their underlying mechanisms. These correlates should extend beyond sleep continuity variables and include sleep quality as well as other daytime symptoms of insomnia such as fatigue, arousal, anxiety and negative mood. As perceived daytime deficits is an important determinant of treatment seeking, it is important to include measures assessing cognitive functioning in intervention studies in order to evaluate the clinical significance of treatment outcomes.
Identification of reliable cognitive impairments in chronic insomnia has implications for
clinical practice as well. On one hand, it emphasizes the need to inquire about cognitive functioning along with other daytime symptoms of insomnia (e.g., irritability, fatigue, excessive worry, etc.). Systematic assessment using validated measures may also be warranted. From a treatment perspective, recognizing the presence of cognitive deficits while reappraising and decatastrophizing their functional impact may prove useful to attenuate distress and excessive worry about daytime functioning. Care should be taken not to deny nor trivialize these cognitive problems, as this might increase feelings of frustration and isolation. 62 As a complement to standard cognitive-behavioral therapy for insomnia, individuals with significant cognitive complaints or deficits may also benefit from additional cognitive remediation strategies to improve daytime performance. Environmental strategies for decreasing distraction, improving problem solving and decision making abilities or increasing memory performance are available in rehabilitation settings. Adapting these interventions for individuals with insomnia may contribute to optimize their daytime functioning. The presence of cognitive deficits in individuals with insomnia also emphasizes the importance of inquiring about sleep when conducting neuropsychological assessment in clinical practice, and suggests that the presence of insomnia symptoms may need to be taken into consideration when interpreting test results. 
